Purpose: Comorbidity in stroke is common, but comprehensive reports are sparse. We describe prevalence of comorbidity and the prognostic impact on mortality and functional outcome in a large national ischemic stroke cohort. Methods: We used outcome data from a long-term follow-up survey conducted in 2016 by the Swedish Stroke Register (Riksstroke). Those included in the study were 11 775 pre-stroke functionally independent patients with first-ever ischemic stroke followed up at three months and 12 months (all patients), and three years (2013 cohort) or five years (2011 cohort). Pre-stroke comorbidity data for 16 chronic conditions were obtained from the Swedish National Patient Register, the Swedish Prescribed Drugs Register and the Riksstroke register. Individuals were grouped according to number of conditions: none (0), low (1), moderate (2-3) or high (4). Co-occurrence was analysed using hierarchical clustering, and multivariable analyses were used to estimate the prognostic significance of individual conditions. Results: The proportion of patients without comorbidity was 24.8%; 31.8% had low comorbidity; 33.5% had moderate comorbidity and 9.9% had high comorbidity. At 12 months, the proportion of poor outcome (dead or dependent: mRS 3) was 24.8% (no comorbidity), 34.7% (low), 45.2% (moderate) and 59.4% (high). At five years, these proportions were 37.7%, 50.3%, 64.3%, and 81.7%, respectively. There was clustering of cardiovascular conditions and substantial negative effects of dementia, kidney, and heart failure. Conclusion: Comorbidity is common and has a strong impact on mortality and functional outcome. Our results highlight the need for health systems to shift focus to a comprehensive approach in stroke care that includes multimorbidity as a key component.
Introduction
Multimorbidity refers to the existence of multiple medical conditions in a single individual while comorbidity is used to describe the co-occurrence of other conditions alongside a primary condition. 1 Multimorbidity is present in the majority of individuals over 65 years 2, 3 and is markedly increased in stroke patients 4 where it is associated with increased mortality [5] [6] [7] [8] and poor functional outcome. 6, 7, [9] [10] [11] Multimorbidity has received little attention despite its fundamental clinical and economic impact. 12 Also, scientific reporting is heterogeneous, largely due to methodological differences, making it difficult to correctly gauge and address the problem. 2 In stroke, comprehensive reports on long-term outcome relative to comorbidity are sparse, particularly on functional status. 13 We aim to describe both mortality and functional outcome in relation to age and comorbidity burden in pre-stroke functionally independent patients from a large national ischemic stroke cohort. In addition, we aim to provide a detailed description of prevalence and clustering of individual conditions in these patients.
Methods

Stroke and comorbidity data
Data on pre-stroke functional status, index stroke, patient characteristics, and outcome (mortality and functional status) were obtained from the Swedish Stroke Register (Riksstroke). Riksstroke is the Swedish quality register for stroke care with an estimated coverage of >90% of stroke patients admitted to hospital. 14, 15 In addition to the customary surveys at three and 12 months, a long-term follow-up postal survey was conducted in 2016 on patients who had experienced stroke three years (in 2013) and five years (in 2011) earlier. 16 Thus, three-year follow-up data was only available for the 2013 cohort and five-year followup data was only available for the 2011 cohort. Data on mortality status and date of death were obtained continuously from the Swedish Causes of Death register and included in Riksstroke.
Data on comorbidity were primarily obtained from the Swedish National Patient Register (SNPR), which includes data from outpatient and inpatient healthcare contacts. Patients were considered having a specific condition if diagnosed at any time five years prior to index stroke. We used the Charlson Comorbidity Index (CCI) to guide selection of which conditions to include. 17 The original CCI includes 19 chronic conditions and has been used for predicting mortality and functional outcome in stroke. 6, 7 In the present study, we did not include ulcer disease, hemiplegia, cerebrovascular disease nor AIDS, and liver disease and diabetes were not subdivided. We also added angina pectoris, atrial fibrillation, and hypertension. This added up to a total of 16 conditions ( Supplementary  Table I ). Riksstroke data were used for atrial fibrillation, diabetes, and hypertension. Also, we obtained data from the Swedish Prescribed Drugs Register (SPDR) to identify additional cases of dementia. The SPDR covers all prescriptions made and filled by any Swedish pharmacy. Patients who had filled their prescriptions for prescription-only drugs specific to dementia (ATC N06D) at any time from 2005 to index stroke were considered having dementia.
We obtained data for highest level of education from Statistics Sweden.
The study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statements 18 and the local ethics approval committee (Regional Ethical Review Board, Lund) approved the project in 2017 (Dnr 2017/529). The committee waived the need for patient consent. Requests to access the dataset may be sent to Riksstroke after obtaining the appropriate ethics approval.
Study population
Approximately half of patients registered in Riksstroke in 2011 and 2013 were selected randomly to be included in the study (Figure 1 ). Since there were no major differences in baseline characteristics, as was demonstrated by us in a previous publication, the two yearcohorts were merged. 16 In all, 11 775 pre-stroke functionally independent patients 18 years of age with Figure 1 . Inclusion flowchart. We included pre-stroke functionally independent patients 18 years of age with first-ever ischemic stroke (ICD-10 I63). LTF¼loss to follow-up.
first-ever ischemic stroke (ICD-10 I63) were included. At subsequent time points, individuals were classified as lost to follow-up upon failure to return the questionnaire or if there was incomplete information in any of the variables needed for estimating a modified Rankin Scale (mRS) score.
Measures and definitions
Comorbidity burden was defined as the sum of individual conditions: none (0), low (1), moderate (2-3), and high (4) .
Functional status upon follow-up was described using the modified Rankin Scale (mRS). 19 Scores were estimated from information on dependency in specified ADL domains (toileting, dressing, mobility), living conditions, and need of support from next of kin, using a validated and previously specified translation algorithm. 20 Independency was defined as mRS 2. Level of consciousness at admission was used as a proxy for stroke severity 21 and was registered using the Reactions Level Scale 85 (RLS) with categories of alert (RLS 1), drowsy (RLS 2-3), and comatose (RLS 4-8).
Statistical methods
Bivariate analyses were performed using v 2 test for categorical variables and Student's t-test for normally distributed quantitative variables.
Since data on mortality status were almost complete, patients lost to follow-up were alive but of unknown functional status. In the description of proportions, the distribution of mRS scores in followed-up survivors was extrapolated to all survivors. We did not use imputation methods since we have previously shown in the same cohort that this did not substantially change outcome estimates. 16 As for missing baseline data, we omitted missing data points and presented only valid proportions. In regression models, cases lost to followup or with missing data were excluded.
The prognostic impact of comorbidity burden and seven individual conditions were analysed separately through logistic regression models with adjustment for age, sex, level of consciousness at admission and educational level ( Table 2) . Additionally, a model including all seven conditions was analysed. The effect of age was modeled via restricted cubic splines. For all models, residual deviance per degree of freedom was below 1 indicating a good overall fit and adequacy of the assumption of binomial outcome (no obvious over-dispersion). We checked for separation of data and performed collinearity diagnostics of the predictors. The functional form of the impact of age as well as the appropriateness of the logistic link function was assessed through tests based on cumulative residuals. Finally, we scanned data for highly influential observations by investigating suitable case deletion statistics. Due to its disproportional impact on outcome, patients with known metastatic malignancy (n ¼ 111, 0.9%) were not included in the analysis.
Hierarchical cluster analysis was used to analyse cooccurrence of conditions. 22 Pairwise correlation was estimated using Yule's Q formula ( Supplementary  Tables II and III) and the "distance" between conditions was defined as 1-Yule's Q. Subsequently, clusters were identified by ocular inspection of dendrograms illustrating outcomes of the cluster analysis. Due to a prevalence of <1%, liver disease was not included in the analysis.
Two-dimensional multidimensional scaling (MDS) was used to further illustrate co-occurrence of conditions. Each condition was assigned coordinates along two axes in such a way as to make distances in the abstract two-dimensional space as close to corresponding values of 1-Yule's Q as possible. Note that a priori the dimensions lack clinical meaning. All statistical analyses were conducted using SAS 9.4. A p-value of <0.05 was considered statistically significant.
Findings
Patient characteristics and prevalence of comorbidity
In all, 11 775 patients were included ( Figure 1 ). Patient loss to follow-up was 12.5% at three months, 20.1% at 12 months, 22.4% at three years, and 21.0% at five years. At baseline, there was missing data in <0.5% except for smoking (6.4%) and level of education (1.4%).
Smoking, educational level, and the proportion of males were lower in older patients who also more often presented with severe stroke ( Table 1 ). Six of the 16 chronic conditions had a prevalence higher than 5%. These were, in descending order: hypertension, atrial fibrillation, diabetes, non-metastatic solid tumor, angina pectoris, and congestive heart failure. Prevalence of most conditions increased with age, except for metastatic malignancy, chronic liver disease, chronic obstructive pulmonary disease (COPD), rheumatoid arthritis (RA), and diabetes.
As for total comorbidity burden, 24.8% had no comorbidity, 31.8% low comorbidity, 33.5% moderate comorbidity, and 9.9% had high comorbidity.
Differences between sexes were minor.
Mortality and functional outcome
A higher comorbidity burden increased the risk of poor outcome (dead or dependent) considerably (Figure 2 ). At 12 months, the proportion of poor outcome was 24.8% (no comorbidity), 34.7% (low), 45.2% (moderate) and 59.4% (high). At five years, these proportions were 37.7%, 50.3%, 64.3%, and 81.7%, respectively. This was largely driven by mortality, which increased from 7.3% in those without comorbidity to 27.3% in those with high comorbidity at 12 months and from 19.4% to 64.6% at five years.
When stratifying by age, the results showed that both comorbidity burden and age were key predictors of poor outcome, the effect of increasing comorbidity being proportionally larger in younger patients (Figure 3 (a) to (d)). Mortality at five years in individuals 65 years of age was 38.5% in high comorbidity compared to 4.4% in low comorbidity. For poor functional outcome in survivors, the corresponding proportions were 34.8% versus 10.6%.
When also stratifying by sex, the analysis revealed large differences in proportion of poor outcome (dead or dependent) at 12 months between men and women ( Figure 3 (e) to (f)). Women had a significantly worse prognosis in all age and comorbidity strata. 
Comorbidity clusters
The cohort was stratified by median age (74) and the two age groups were analysed separately. We identified several distinct clusters that were similar in both groups. There was a large cluster of cardiovascular conditions (angina, chronic kidney failure, heart failure, myocardial infarction, and peripheral vascular disease) that contained several sub-clusters ( Figure 4) . In older patients, this large cluster also included COPD. Two other vascular conditions, hypertension and diabetes, formed a separate vascular/metabolic cluster. Both malignancy and atrial fibrillation occurred separately and did not cluster with any other condition. The clustering pattern of dementia was inconsistent between age groups, possibly as a result of low prevalence. It was associated with RA in older patients and COPD in younger patients.
Determinants of poor outcome
Odds ratio (OR) for poor outcome (dead or dependent) increased with comorbidity burden and progressively with longer follow-up time; OR 2.18 (1.83-2.61) at three months and OR 4.63 (3.74-5.73) at three/five years in those with high comorbidity ( Table 2) . We selected seven conditions to be analysed individually because of their particular clinical importance and relatively limited correlation to other included conditions to avoid collinearity issues. At the 3-month follow-up, ad-hoc contrast tests revealed that dementia, kidney and heart failure were the strongest predictors of poor outcome; diabetes showed an intermediate level of association, while hypertension, COPD and malignancy showed no association. The three/five-year analysis showed a more complicated pattern but dementia and kidney failure still had the strongest association to poor outcome.
Discussion
This study revealed a high comorbidity burden in a large national cohort of Swedish first-ever ischemic stroke patients. A high comorbidity burden more than doubled the proportion of poor outcome at 12 months and five years after stroke, confirming the negative long-term prognostic influence of comorbidity on both mortality and functional outcome. 
Our findings in relation to previous research
In a large (n¼ 1 424 378) Scottish study from 2014, Gallacher et al. reported comorbidity in 94.2% of stroke patients compared to 48% in a control population. 4 In comparison, we found a lower proportion of 75.2%, which might partly be explained by the fact that we excluded pre-stroke dependent patients and those with previous stroke. However, this discrepancy is probably also an example of the heterogeneous methodological practices in multimorbidity research. For example, Gallacher et al. used a relatively extensive list of 39 conditions compared to our 16. It is well established that high comorbidity is associated with poor outcome, 8, [23] [24] [25] which has also been shown specifically in the setting of stroke, although the literature is limited. There are reports of increased mortality both in the short and long term after stroke. [6] [7] [8] In a large (n ¼ 201 691), community-based study, Corraini et al. reported an increase in five-year mortality from 39.7% in stroke patients without comorbidity to 79.5% in those with high comorbidity (CCI 4). 5 We showed a similar increase, from 19.4% to 64.6% over five years, the lower rate possibly due to differences in inclusion criteria and study methods.
Functional outcome in stroke in relation to comorbidity is not well described in the literature. Most studies are of limited size and many only include patients enrolled in rehabilitation programs. There are several reports describing substantial short-to mid-term effects of a high comorbidity (CCI 2) in stroke dendrograms where a high degree of co-occurrence is illustrated as late divergence and the dashed lines indicate cut-off points for separating clusters. (c and d) use MDS where each condition was assigned to a specific location in a two-dimensional space and distinct clusters were labeled in different colors. A short distance represents a high degree of co-occurrence and circle size represents relative prevalence. AF: atrial fibrillation, COPD: chronic obstructive pulmonary disease, CKF: chronic kidney failure, MI: myocardial infarction, PVD: peripheral vascular disease, RA: rheumatoid arthritis. patients, 6, 7, [9] [10] [11] e.g. 36% greater odds of poor outcome (mRS 2) at discharge 7 and 37.3% greater odds at 6 months. 6 However, our study is the first to describe this long term in a large national cohort.
Among individual conditions, dementia, kidney and heart failure were the strongest predictors of poor outcome in the present study. Others have previously reported similar results. 5, 8, 9, 23 There is a known tendency of conditions which share a common etiology, such as combinations of cardiovascular and metabolic conditions to co-occur, 2, 26 which we confirmed in this study. We have not been 
Recommendations and policy
Stratification and prognostication in stroke has previously mainly relied on clinical variables from the acute setting and a few other known risk factors. However, important intrinsic factors such as level of comorbidity have largely been overlooked. 27 We show a strong influence of total comorbidity burden and particular patterns of disease clustering, which emphasises the need to develop a comprehensive approach that includes comorbidity as a key component. In addition to improving post-stroke care, better knowledge of the occurrence of stroke in relation to other conditions has the potential to guide the development of better prevention strategies.
Our results tie in to a wider discussion of healthcare organisation and optimal use of resources. In multimorbidity there is increasing complexity of care; multiple services/clinicians involved and separate management plans increase the risk of fragmentation, dilution of responsibility, polypharmacy, and increasing costs. 12, 28 A gravitation towards a patient-centred approach that takes account of all medical as well as non-medical factors to tailor care to the realities of the patient has been suggested. 29 The need for personalised medicine is highlighted by our findings that prognosis (and probably need of health care and support) differs substantially in relation to age, comorbidity burden, and sex.
However, most healthcare systems are designed around the treatment of single conditions and the coordinated care of multimorbid patients may require structural changes strengthening the role of general medicine. There is currently little evidence to support the integration of multimorbidity in guidelines and universal healthcare. This needs to be prioritised.
Limitations
The first limitation is missing data and bias. Riksstroke only includes stroke cases admitted to hospital. Thus, we are missing many cases of minor stroke as well as those solely managed in primary care. The resulting bias is difficult to estimate as these cases may vary greatly in respect to pre-stroke health status and stroke severity. Among included patients, there was loss to follow-up of 12.5-22.4% at the different follow-up time points and the possibility of biased results is a concern. However, we have previously shown in the same cohort that baseline characteristics between responders and non-responders were similar and that the biasing effect was limited. 16 Further, our main source for comorbidity data, the SNPR, does not include data from primary care. This means that conditions not requiring specialist or hospital care may have been under-reported. For this reason, we used Riksstroke data on atrial fibrillation, diabetes and hypertension. However, the use of separate sources for different conditions might have resulted in skewed prevalence data. Also, SPDR data was used in addition to the SNPR to identify additional cases of dementia. Despite this we found a relatively low prevalence. However, this was partly a result of the exclusion of pre-stroke dependent patients, as prevalence was significantly higher in those excluded.
The second limitation is mental conditions. These have been shown to be an important component in comorbidity, interacting with somatic conditions. 3 However, with the exception of dementia, we included no mental conditions. Depression is typically registered in administrative data as a depressive episode. This made it problematic to include this as a chronic condition. Prevalence of schizophrenia was very low in our cohort, precluding meaningful analysis.
Third, heterogeneity of reporting practices. There is currently no clear consensus on reporting practices in multimorbidity which impairs comparability between studies. Also, index weights are dictated by the outcome variable of interest and there is no single gold standard index for studying both mortality and functional outcome. 6, 7, 9, 10 We classified comorbidity burden based on number of conditions rather than a weighted index in order to make our results as generalisable as possible. However, this approach does not account for the varying severity of different conditions. Further research is needed to develop standardised reporting practices and appropriate indices.
Fourth, due to incomplete registration in Riksstroke, data on NIHSS were not included in analyses despite its known association to a poor prognosis. Level of consciousness is strongly associated to stroke mortality 21 and was used as a marker for stroke severity.
Fifth, we did not conduct in-depth analyses of differences in men and women as this was beyond the scope of the current paper. However, we did include an analysis of differences in prognosis which revealed a substantial disparity. Further research exploring the impact of comorbidity in men and women is warranted.
Last is generalisability. As the aim was to study the impact of comorbidity in first-ever stroke, inclusion was relatively restrictive. Pre-stroke functionally dependents, ICH and those with previous stroke were excluded. Further research is needed to explore the impact of comorbidity in these groups.
Conclusion
Comorbidity is common in stroke and has strong prognostic implications both for mortality and function in all ages. Three out of four first-ever stroke patients had at least one comorbidity, and a high comorbidity burden more than doubled the proportion of poor outcome at 12 months and five years after stroke. Our results emphasise the need for developing a comprehensive approach to stroke care that includes comorbidity as a key component. Also, there was a tendency of certain conditions to co-occur in specific patterns, which offers an opportunity to pool resources and increase health care efficiency.
